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Abstract. Pellet-based expansive clay materials are considered as a sealing material for closing the galleries in
radioactive waste disposal concepts. In repository conditions, the granular mixture progressively homogenises
upon hydration by the host rock pore water. The present study focuses on the material behaviour before
homogenisation. A grain-scale experimental characterisation is first performed in the laboratory. A model
describing the hydromechanical behaviour of a pellet is proposed based on the experimental results. Then,
suction-controlled swelling pressure tests are performed in the laboratory. Using Discrete Element Method
(DEM) and the model proposed for a single pellet, the tests are successfully simulated. It is highlighted that
(i) the swelling pressure evolves in two phases in the investigated suction range, controlled by the granular
structure of the mixture; (ii) wall effects at the laboratory scale affects the material response; (iii) measurement
variability associated to the sensor diameter is non-negligible; (iv) DEM is a valuable tool able to provide insight
into the material behaviour.1 Introduction
Concepts of radioactive waste disposal vary between the
different countries. A general feature of the repository
concepts is the reliance on the multi-barrier principle [1],
which for a HLW repository consists of: (i) a canister
containing waste, (ii) a host rock, and (iii) an engineered
barrier system that also limits fluid flow in the repository.
Compacted expansive clay-based materials are candi-
date materials for engineered barriers in radioactive waste
disposal concepts. These materials are characterised by a
low permeability, good radionuclide retention capacity,
and ability to swell upon hydration and thus filling
technological voids and exerting a confining pressure on the
excavation damaged zone.
Owing to operational convenience, pellet-based mate-
rials have been considered as an alternative to compacted
blocks [2–5]. Pellets are emplaced in the galleries as a
granular material. The granular material undergoes
hydration by the pore water of the host rock and
progressively becomes homogeneous. Before homogenisa-
tion, the mechanical behaviour of the material is controlled
by its granular nature. The influence of the initial granularenjamin.darde@enpc.fr
penAccess article distributed under the terms of the CreativeCom
which permits unrestricted use, distribution, and reproductionstructure on the macroscopic response of the material
upon hydration needs to be characterised to better
understand the engineered barrier evolution under reposi-
tory conditions.
The present work focuses on the study of the influence
of the granular structure on the macroscopic response upon
hydration under constant-volume conditions. Suction-
controlled swelling pressure tests are performed in the
laboratory. These tests are simulated using the Discrete
Element Method (DEM) to obtain insight into grain-scale
phenomena. Finally, interesting results regarding the
performance of swelling pressure tests in the laboratory
and the DEMmodel results contributing to the characteri-




In the French concept of radioactive waste disposal [6],
32-mm subspherical MX80 bentonite pellets are envisaged
as one element of the engineered barriers. In the present
study, a smaller version of this pellet is used to perform
laboratory tests. Pellets are composed of a central cylinder
with two spherical ends (Fig. 1). The initial properties of
the pellet are presented in Table 1.monsAttribution License (https://creativecommons.org/licenses/by/4.0),
in any medium, provided the original work is properly cited.
Fig. 1. Geometry of the pellet.
Table 1. Initial properties of the pellet.
Properties at initial state
Geometrical properties
Diameter: mm 7
Height of the cylinder part: mm 5
Height: mm 7
Curvature radius: mm 6.5
Physical properties
Suction: MPa 89
Water content: dimensionless 0.12
Dry density: Mg/m3 1.91
Void ratio: dimensionless 0.45
Table 2. Parameters of the model for the 7-mm pellet [7].





C: m2 1.206 107
Table 3. Dimensions of the isochoric cell used for swelling
pressure tests.
Dimensions of the cell
Height: mm 30
Diameter: mm 60
Sensor diameter: mm 30
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Swelling pressure tests are performed for a pellet assembly.
The average dry density of the granular material is
1.05 Mg/m3. The pellet volume fraction (ratio of volume of
pellet to total volume) is 0.553.
3 Work performed
3.1 Description of the hydromechanical
behaviour of a pellet
A model describing the hydromechanical behaviour of a
pellet is required to perform DEM simulations of pellet
assemblies. The experimental characterisation of the
pellet behaviour in the laboratory has been performed
and is described in [7]. In the experimental study, the
vapour equilibrium technique [8] is used to impose a
suction to pellets. At equilibrium, the volumetric strain
of the pellet is measured using a camera. Pellet Young
modulus and strength are obtained through compression
tests. Evolution of the pellet volumetric strain, Young
modulus, and strength is measured upon suction
decrease.
Assuming that (i) the pellet macroporosity is negligible,
(ii) pellet behaviour remains elastic, (iii) pellets are fully
saturated and expand upon water uptake, and (iv) pellet
strength is proportional to pellet stiffness, the following
equations are used to describe the pellet behaviour uponsuction decrease:





½expðamsÞ  expðams0Þ (2)
R ¼ CE; ð3Þ
where E is the pellet Young modulus, eV is the pellet
volumetric strain, R is the pellet strength, n is the pellet
Poisson ratio, s is the suction, s0 is the initial suction, am,
bm and C are parameters.
Parameters used in the model for the 7-mm pellet are
presented in Table 2. Figure 2 presents a comparison
between model predictions and experimental results.
The model aims at describing the pellet behaviour upon
partial hydration, before losing the granular structure.
Experimental results in the literature suggest that, for
MX80 bentonite, the model would no longer be valid for
suction below ∼3 to ∼7MPa [9]. The model assumptions
are discussed in [7].3.2 Vapour hydration of pellet assemblies under
constant-volume conditions
Two swelling pressure tests are carried out and referred to
as SP1 and SP2. Isochoric cylindrical cells are used to
perform swelling pressure tests. Two porous disks are
placed at the bottom and at the top of the cell. Humid air is
allowed to directly flow from the bottom to the top of the
cell through a side tube. The side tube prevents increase of
air pressure and allows humid air to diffuse in the inter-
pellet porosity. 209 pellets are placed in the cell to reach the
target pellet volume fraction. Diagrams of the isochoric cell
are presented in Figure 3. Dimensions of the cell are
presented in Table 3.
Hydration is performed using the vapour equilibrium
technique. Upon pellet hydration, owing to the constant-
volume conditions, swelling pressure develops against the
Fig. 2. Experimental results and model predictions: left, pellet Young modulus and strength and right, pellet volumetric strain [7].
Fig. 3. Diagram of the experimental apparatus used for swelling pressure tests: left, 3D view of the isochoric cell and right, sketch of
the suction control system.
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sensor. Suction considered in the study are: 82MPa,
59MPa, 40MPa, 38MPa, 25MPa, 13MPa, 9MPa, and
4MPa. A new suction step starts when equilibrium is
reached at the current suction. Equilibrium is considered
when swelling pressure remains constant for three days.
3.3 DEM simulations of laboratory tests
In the DEM simulations, the pellet assembly is modelled as
a sphere assembly. Each sphere behaves as a pellet,
according to themodel presented in Section 3.1. The sphere
diameter is denoted by a. Its initial value, a0, is chosen such
that its volume and density are the same as for the real
pellets. The cell is modelled as a cylinder of infinite Young
modulus. The cylinder dimensions are the same as the cell
used in the laboratory. Simulations consist of two steps:
(i) sample preparation and (ii) pellet hydration.
During the simulations, the granular assembly is always
under gravity. Interactions at contacts are described by
normal and tangential reactions. Normal forces are elastic-
perfectly plastic. Elastic limit is set to the pellet strength
(Eq. (3)). Tangential reaction is described using a
simplified form of the Cattaneo-Mindlin-Deresiewicz laws
[10] and the Coulomb friction as in [11], denoting by m thefriction coefficient for all contacts. Damping in contacts is
considered as in [11]. Elastic normal forces are calculated






















Equation (4) is used for contacts between two pellets.
Equation (5) is used for contacts between a pellet and an
infinitely stiff flat wall. In both expressions,N is the normal
force and dN is the normal deflection (Fig. 4).
Sample preparation is performed by placing 209 pellets
in the cell. The first 20 pellets are placed at random
positions at the bottom of the cell. Then, pellets are placed
one by one at the lowest available elevation in the rigid
cylinder each 1 second. When all pellets are placed, the
elevation of the top of the cylinder is set at the elevation of
the highest pellet, then progressively decreased to its target
elevation. During preparation step, m is set to 0 in the
model to avoid high initial pressure to arise during the
Fig. 4. Left: contact between two pellets i and j of diameter ai and aj, distance between centres dij, and normal deflection dN ij. Right:
evolution of normal force as a function of normal deflection.
Table 4. Parameters used in the DEM simulations of
swelling pressure tests.
Parameters used in DEM simulations
a0: mm 7.53
Cell diameter: mm 60
Cell height: mm 30
Tolerance for equilibrium: dimensionless 104
m, preparation step: dimensionless 0
m, hydration step: dimensionless 0.3
Fig. 5. Pictures of samples following hydration: left, SP1 and
right, SP2.
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Hydration is modelled as an increase of the diameter of
all pellets. Swelling pressure is calculated as the sum of
normal forces on the area corresponding to the pressure
sensor. The area corresponding to the pressure sensor can
be set to the same area as in experiments, or a larger/
smaller area to study the influence of this parameter.
At each calculation step (i.e. decrease of the elevation of
the top wall or diameter increase) the granular assembly is
considered at equilibrium in the model when both the ratio
of the net force to the maximum normal force and the ratio
of the net moment to the maximum moment are smaller
than 104 for each pellet. The next step starts when this
condition is fulfilled.
100 simulations are performed to assess the reproduc-
ibility of the results. Parameters used for the simulations
are summarised in Table 4.
4 Results
4.1 Evolution of the swelling pressure upon suction
decrease in the experiments
Both SP1 and SP2 tests displays comparable swelling
pressure-suction relationships upon hydration. First,hydration is characterised by an increase of the measured
swelling pressure. Then, a plateau/decrease of swelling
pressure is measured.
Following the cell closure, the initial pressure in SP1 is
0.055MPa. Upon hydration from initial state (s= s0=
89MPa) to s=40MPa, swelling pressure increases from
0.055MPa to 0.173MPa. Then, the swelling pressure
remains nearly constant until s=25MPa and decreases
and reaches 0.128MPa at s=9MPa.
Following the cell closure, the initial pressure in SP2 is
0.010MPa. Upon hydration from initial state to s=9MPa,
swelling pressure increases from 0.010MPa to 0.153MPa.
Then, swelling pressure decreases and reaches 0.135MPa
at s=4MPa.
A picture of the samples is taken at s=9MPa (SP1)
and s=4MPa (SP2). Both materials are still granular at
these values of suction. Pellets and inter-pellet voids can
be identified. The pellets still have the same shape as
initially. Some pellets in contact with the top wall are
irreversibly deformed at the contact area. It is not known
if the deformation occurred during cell closure or as a
result of the hydration and subsequent swelling of the
pellets (Fig. 5).
Fig. 6. Comparison of experimental and numerical evolution of
swelling pressure upon suction decrease. Dashed lines represent a
two-standard-deviation interval of numerical simulation results.
Fig. 7. Evolution of the proportion of plastic contacts and
swelling pressure upon suction decrease in the simulated samples.
Fig. 8. Calculated increment of the mean elastic deflection in the
contacts between the pellets and the top wall, as a function of
the imposed increment of pellet radius. The dashed line represents
the “y= x” line.
B. Darde et al.: EPJ Nuclear Sci. Technol. 6, 1 (2020) 5The evolution of swelling pressure upon suction
decrease in SP1 and SP2 is presented in Figure 6.
4.2 Evolution of the swelling pressure upon suction
decrease in the simulations
The DEM results are presented for an identical sensor
diameter in the simulations as in the experiments. The
mean value of swelling pressure (for 100 calculated
samples) evolves in two phases upon hydration.
Following the cell closure, the initial pressure in the
DEM simulations is negligible. Upon hydration from initial
state to s=60MPa, the swelling pressure increases to
0.330MPa. Then, the swelling pressure decreases and
reaches 0.110MPa at s=4MPa.
The simulation results are presented in Figure 6 along
with SP1 and SP2 measurements. Variability of the
apparent swelling pressure is determined by calculating the
standard deviation for the 100 simulations. In Figure 6, a
two-standard-deviation interval is plotted to highlight the
result variability. Variability of simulation results is
discussed in the following section.4.3 Evolution of the pellet-scale features in the
simulations
The evolution of the proportion of plastic contacts in the
simulated samples, xplas, is calculated upon suction decrease
(mean value for the 100 samples). Following the cell closure,
xplas is zero. Upon hydration from s=89MPa to s=70MPa,
the swelling pressure increases still with a constant xplas=0.
Between s=70MPa and s=60MPa, xplas sharply increases.
This suction rangecorresponds to thepeakswellingpressure.
Then, swelling pressure keeps decreasing while xplas keeps
increasing (Fig. 7).
Notable differences are obtained between xplas and
xplas sup, the proportion of plastic contacts among contact
between pellets and with the top wall of the cell. Between
s=70MPa and s=60MPa, xplas sup increases from
xplas sup=0 to xplas sup=∼0.80 (Fig. 7).
The mean value (for the 100 samples) of the increment
of elastic normal deflection in the contacts between the
pellets and the top wall, where swelling pressure is
measured, as a function of the imposed increment of pellet
radius (i.e. a/2) is presented in Figure 8. The two values are
almost identical until the peak value is reached, as
highlighted in Figure 8 by plotting a “y= x” line.
4.4 Influence of the sensor size on the apparent
macroscopic response
Depending on the position of pellet-top wall contacts, the
simulation results canbe characterisedbydifferent calculated
swelling pressure depending on the chosen sensor diameter.
The influence of the sensor size on the variability of the
measured swelling pressure is determined by considering
different values of the sensordiameter.Themeanvalue for the
100 simulations is found to be close for all sensor diameters.
The coefficient of variation is defined as the ratio of the
standard deviation to the mean value. Figure 9 presents
thevalueof thecoefficientofvariation fortheswellingpressure
at peak value and at s=9MPa, for different values of the
sensor diameter, for the 100 simulated samples.
Fig. 9. Calculated coefficient of variation of the swelling pressure
as a function of the ratio of pressure sensor diameter to initial
pellet diameter.
6 B. Darde et al.: EPJ Nuclear Sci. Technol. 6, 1 (2020)Figure 9 highlights that (i) variability significantly
increases for diameter ratios smaller than 4, (ii) variability
is lower at low suction than at peak and (iii) even at
diameter ratio of 6 the coefficient of variation is non-
negligible (∼0.10).
5 Discussion
5.1 Validity of the DEM modelling approach
The validity of the DEM approach depends mainly upon
the following assumptions: (i) the material remains
granular and (ii) contact laws used are adequate to
describe interactions between pellets.
Sample dismantling allowed the material to be
observed. It is highlighted in Figure 5 that the pellet
assembly remained granular at suctions as low as 4MPa.
Pellets are still subspherical. Modelling the pellet assembly
as a sphere assembly is considered appropriate within the
investigated suction range.
The contact laws used in the present study assume that
the pellets are characterised by an elastic-perfectly plastic
behaviour. Experimental results [7] suggest that pellet
behaviour is not fully reversible before reaching pellet
strength. However, the same contact law is used in [7] to
satisfactorily reproduce the force-displacement relation-
ship in compression tests. Irreversible deformations
observed in Figure 5 suggest that using plasticity is an
adequate approach compared to grain crushing to account
for pellet strength.
The model is able to reproduce the two phases of
evolution of the swelling pressure. The peak swelling
pressure is overestimated by the model. It is considered to
be a consequence of modelling the pellets by equivalent
beads of exactly the same stiffness and strength. As
highlighted in Figure 2, the pellet properties are charac-
terised by a non-negligible variability at high suction.Accounting for these variations in the model would
decrease the peak swelling pressure and apparent stiffness
before the peak since (i) the pellet Young modulus could be
characterised by significantly lower values at high suction
and (ii) xplas would start to increase at higher suction.
Upon hydration at lower suction, it is expected that the
material will undergo microstructural rearrangement [9].
Owing to the material dry density, a final swelling pressure
of ∼0.25MPa can be estimated [12]. The model can neither
handle the microstructural rearrangement nor the second
increase of swelling pressure. It is considered that it is no
longer valid at suction lower than ∼3MPa, as for the model
for a single pellet.5.2 Influence of the initial granular structure
In pellet materials, interaction at contacts have been
suggested to control the material response upon suction
decrease [5,13]. Experimental results highlight that the
material remains granular at low suction, with dry inter-
pellet porosity. DEM simulations provide insight into
grain-scale phenomena. Comparison of experimental and
numerical simulation results suggests that the swelling
pressure of bentonite pellet materials evolves in two phases
upon suction decrease, which are controlled by the
interaction at the contacts. At high suction, swelling
pressure increases as a result of pellet swelling. This phase
is mainly controlled by the pellet stiffness. As contact
forces between pellets start to reach the pellet strength,
swelling pressure reaches a plateau/decreases upon suction
decrease. This phase is characterised by irreversible
deformation at contacts and is mainly controlled by the
decrease of pellet strength and stiffness upon suction
decrease.5.3 Influence of the cell walls
In a true representative elementary volume, the variability
of the results would be negligible. In the present work,
simulation results highlight that, even with a ratio of
pressure sensor diameter to pellet diameter of 6 (i.e. sensor
diameter of 45mm, for a cell diameter of 60mm), the
coefficient of variation of swelling pressure is non-
negligible.
It is also evidenced that each increment of pellet radius
is associated to an equivalent increment of deflection in
contacts between pellets and the top wall. This is possible if
no rearrangement of the granular assembly occurs. Owing
to the low volume fraction of the granular assembly, this is
considered as a consequence of wall effect due to the small
size of the cell.
Influence of the wall is also highlighted by comparing
the evolution of xplas and xplas sup. The absence of particle
rearrangement induces a faster increase of xplas sup,
because contact stiffness is higher in pellet-wall contacts
(Eqs. (4) and (5)). In this respect, the measured post-peak
swelling pressure in small size cells can be overestimated
[14].
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perform swelling pressure tests, or carefully interpret and
compare experiments performed at laboratory scale using
comparable cell size to pellet size ratios.
5.4 Measurement of swelling pressure
In addition to the variability associated to the small size of
the cell, simulation results highlight that significant
measurement variation can be obtained for small pressure
sensors. DEM allowed this variability to be quantified. It is
suggested that the results of laboratory-scale swelling
pressure tests performed on pellet materials should be
interpreted even more carefully if the ratio of sensor
diameter to pellet diameter is low.6 Conclusion
The present work addressed the hydromechanical behav-
iour of bentonite pellet materials upon partial hydration, in
a suction range which allows the behaviour of the material
to be controlled by its granular structure.
From grain-scale experimental characterisation in the
laboratory, a DEM modelling approach was presented.
Using DEM, suction-controlled swelling pressure tests
performed in the laboratory on pellet materials were
successfully simulated.
It was highlighted that, upon suction decrease from
89MPa to ∼3MPa, the swelling pressure evolves in two
phases: (i) an increase of swelling pressure, controlled by
pellet stiffness and (ii) a decrease of swelling pressure,
characterised by irreversible deformation at contacts,
controlled by the decrease of pellet strength and stiffness.
Numerical simulation results evidenced that the
behaviour of pellet material in swelling pressure tests
performed at laboratory scale are influenced by the small
size of the cell. In addition, variability of the apparent
swelling pressure associated to the sensor size was
quantified and shown to be non-negligible.Author contribution statement
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